Subsurface defects and contaminations will be generated during the grinding and polishing processes of optical components. Combined modulation is one of the important factors for the laser-induced damages of fused silica. In this paper, by using 2D finite-difference time-domain method, the light intensity distribution modulated by both radial crack and contaminant is studied on front/rear surface, respectively. The results show that the light intensity distribution is significantly affected by the aspect ratio of radial crack and the relative position between radial crack and contaminant. The simulations of the combined modulation on rear surface show that larger LIEFs are generated at certain relative positions compared with those in the single modulation of radial crack or contaminant. Meanwhile, with the increase of distance, the LIEFs are wave-like up and down fluctuations, and gradually tend to stable values. When there is no total internal reflection, the LIEF in contaminant on the crack wall rises significantly with increase of distance, the maximum LIEF occurs when the contaminant is near the intersecting line between radial crack and rear surface. The simulation of the combined modulation on front surface show that the variation of LIEFs in global domain are not very prominent.
INTRODUCTION
In the high peak power laser system, thousands of optical components like fused silica are required 1 . However, during various optical fabrication processes of cutting, grinding, and polishing, a number of different kinds of defects, (such as contaminants, scratches and cracks etc.) may be introduced into the subsurface layer of optical components 2 . On the one hand, the contaminants with strong sticking are difficult to be completely removed 3 . Due to joint actions of the absorption, scattering and modulation of contaminants, the laser-induced damage has been proved to be an important factor to reduce the reliability and life of lasers 4 . On the other hand, it has already been demonstrated that surface cracks could significantly affect the local fields. Light intensification can result from either discontinuities at crack walls 5 or constructive interference between the incident beam and the reflected beam 6 . In general, the laser damage of optical component would be caused by contaminants and cracks simultaneously, which hinders its application in the peak power lase system. The optical modulation effects of crack and contaminant on laser have been studied respectively. More specifically, the modulation effect of crack type, size, aspect ratio and position (front or rear surface) on laser has been investigated. Also, the modulation effect of contaminant shape, size, number, dielectric constant and embedded depth on laser has been analyzed. However, the combined modulation effect of crack and contaminant has not been reported.
In this work, the combined model of radial crack and contaminant is established to numerically simulate the light intensity distribution, which is modulated by the radial crack and contaminant on front/rear surface, by using twodimensional finite difference time domain (2D-FDTD) method. The interaction modulation effect between radial crack and contaminant on the laser is analyzed comprehensively. Further, we study the modulation influence of the relative position of crack and contaminant on the laser. 
MODEL AND METHOD
According to Fig. 1 , it is found that contaminant often occurs near the crack in fused silica after chemical etching through scanning electron microscopy (SEM) image. The modulation effect of the crack or the contaminant is not enough to explain the modulation effect of subsurface defects on laser 2 . In this case, the combined modulation of crack and contaminant on laser should be considered. For this purpose, the interaction modulation mechanism of crack and contaminant is studied by using 2D-FDTD method. According to simulated results, one can get the light intensity distribution in the vicinity of the crack and contaminant. The simulation model for radial crack and contaminant is shown in Fig. 2 . The contaminant can be modeled as a sphere of submicron to micron diameter range 2 . Here, a 2D model of crack and contaminant is built under the irradiation of front-surface and rear-surface laser. To simplify the simulation, one radial crack and one circle are selected to represent the crack and contaminant respectively for investigating the combined influence on the laser-induced damage (Fig. 2) . The contaminant adheres to the surface or crack wall. In the simulation, the wavelength of incidence laser is λ = 1064 nm. For ensuring the calculation accuracy, the simulation region is meshed by the uniform rectangle with side length δ = λ/32 = 33.25 nm, and the domain size is 640 δ×480 δ. The perfectly matched layer (PML) absorbing-boundary condition [7] [8] is utilized in this work. In addition, the laser beam is set with an amplitude of 1.0 V/m and its incident direction is along the y axis. Both the transverse electric (TE) wave and the transverse magnetic (TM) wave are considered. The relative dielectric constants of fused silica, air and contaminant are 2.25, 1.0 and 3, respectively. The depth of crack is set as h = 4λ = 4.256 μm, and the radius of contaminant is 0.5λ = 0.532 μm. The time step is determined by adjusting and observing the accurate light intensity distribution within the domain.
The refractive index of fused silica is n = 1.5. The critical angle of total internal reflection is 41.8°. For the radial crack on rear surface, the incident angle, defined as the angle between the incident wave and the normal of crack wall, is related to the aspect ratio ξ = h/w. The incident angles are 75.96°, 63.43°, 53.13°, 45°, 38.66°, 33.69°, for the cracks with ξ = 4:2, ξ = 4:4, ξ = 4:6, ξ = 4:8, ξ = 4:10, ξ = 4:12, respectively. Table 1 shows the relationship between the number of total internal reflection and incident angle 9 .
In this section, the relative position between radial crack and contaminant is changed, and its modulation influence on the laser is investigated. Light intensity enhancement factor (LIEF) is introduced to quantitatively characterize the localized ..
light intensity distribution caused by surface crack and contaminant [10] [11] [12] . The LIEF is defined as maximal light intensity enhancement caused by surface cracks and contaminants in the certain domain. Table 1 . The relationship between the number of total internal reflection and incident angle According to results, when the contaminant is on the crack wall ( Fig. 3(a) ), the LIEF in global domain is 8.63, locating in the fused silica. It approximately equals to the LIEF in the global domain with only one radial crack ( Fig. 3(c) ), which is 8.36. The light intensity distributions in fused silica seem similar in these two cases. It means that the contaminant may be negligible for the modulation on laser in fused silica. The light intensity distribution in fused silica is the result of the interference between the incident beam and total internal reflected beam at the crack wall and rear surface 13 . The LIEF in contaminant is only 1.51. It can be primarily attributed to the totally internally reflection at the crack wall, and in such a case the incident beam barely passes through the crack wall to get into the contaminant. When the contaminant is on rear surface (Fig. 3(b) ), the LIEF in global domain is 13.62, locating in the contaminant. The LIEF value is larger than that with only one contaminant, which is 8.53 (Fig. 3(d) ). There is a strong beam going through the location of contaminant (see Fig. 3(c) ), which focuses within the contaminant to generate an enhanced light intensity. The LIEF in fused silica is 10.34, which is larger than that with only one radial crack. And the position of the LIEF in fused silica is near the contaminant, which is caused by the interference between the light reflected from contaminant and light in fused silica. In general, the combined modulation between radial crack and contaminant can play a co-effect on the light intensity distribution around radial crack and contaminant, resulting in an enhanced LIEF eventually. Figure 3(c) shows that the light wave around the crack is modulated into the approximately parallel stripes by radial crack, and these stripes alternate with strong and weak light intensity. When the contaminant is in a strong light intensity band, most of light enter the contaminant and are focused into a stronger light. After passing through the contaminant, the light interferes with the light that exists in the air. The light reflected by contaminant enters into the fused silica, and it interferes with the light that exists in fused silica. And the LIEF in fused silica is near the contaminant. So the larger LIEF may appear in each domain. Conversely, in a weak light intensity band, less LIEF appears in each domain. As the contaminant moves away from the crack, the coupling effect becomes weaker and weaker. Namely, the crack and contaminant modulate the laser respectively, finally the LIEFs in each domain tend to stable values. Third, as for the contaminant on the crack wall, with the increase of x value, the LIEF in contaminant decreases a little, and then increases gradually. Figure 4 (e) shows this phenomenon. When the contaminant is at the position x = 0, the light passes through the two crack walls of radial crack, enters into the contaminant, and is focused. As the contaminant moves along the crack wall, less light that transmitted from the other crack wall enters into the contaminant. So the LIEF decreases a little first. Figure 5 shows the light intensity distribution around the slope at the same incident angle with radial crack in Fig. 4(e) . The light beam passing through the slope inclines toward the slope, which is consistent with the Snell's law. The light intensity increases along the slope. So the stronger light enters into contaminant on the crack wall, and the LIEF increases gradually along the crack wall. By the way, because there is little light through the totally internally reflected crack wall, the LIEF in contaminant is very small. But it still meets this discipline (Figs. 4(a)-4(d) ).
The red horizontal dashed line indicates the LIEF in fused silica with only one radial crack, and the blue horizontal dashed line indicates the LIEF in contaminant with only one contaminant. When the double total internal reflections occur, the LIEFs in fused silica are relatively large, as shown in Figs. 4(b) and 4(c) . However, as Figs. 4(e) and 4(f) shown, when no total internal reflection occurs, the LIEFs in fused silica are relatively small. This is consistent with the reported light intensity distribution caused by rear-surface features 13 . In Figs. 4 , most of the corresponding curves are above the two horizontal dashed lines. It means that compared with the single modulation of radial crack or contaminant, much larger LIEFs are generated due to the combined modulation at certain relative positions. The black vertical dashed line represents the intersecting line between the crack surface and rear surface of fused silica. From Figs. 4(e) and 4(f), when the contaminant is near the intersecting line between rear surface and the crack with a relatively small aspect ratio, the LIEF appears to have a maximum value. This result can explain the experimental phenomenon that crack boundary is Distance(pm) 12 more susceptible to suffer from laser-induced damage 14 . In a word, the relative position between radial the crack and the contaminant on rear surface is a significant influence factor for the combined modulation on laser. 
Combined modulation of radial crack and contaminant on front surface
Figures 6(a) and 6(b) show the light intensity distribution modulated by both one crack and one contaminant on front surface under TE mode illumination. Figures 6(e) and 6(f) show the light intensity distribution modulated by both one crack and one contaminant on front surface under TM mode illumination. The crack width is w = 5λ = 5.32 μm. In Figs. 6(a) and 6(e), the contaminant is on the crack wall, while it is on front surface in Figs. 6(b) and 6(f). Figs. 6(c) and 6(d), 6(g) and 6(h) show the light intensity distribution modulated by only one radial crack and one contaminant, respectively. All geometric parameters of crack and contaminant are the same in Fig. 6 .
For the radial crack on front surface under TE mode illumination, the light intensification is generated through three physical mechanisms: (1) diffraction originated from the intersection point of crack wall and front surface, (2) interference between reflected light inside the crack and incident light, and (3) interference ripples between transmitted light from both the crack walls and front surface (Fig. 6(c) ) 13 . In crack gap, some discrete hot spots are generated due to the interference. The LIEF in global domain is 3.49. In Fig. 6(a) , the incident light and reflected light on the crack wall enter into the contaminant and are focused. The LIEF in contaminant is 6.31, which is almost twice as the LIEF with only one radial crack. For the contaminant on front surface, the light intensity distribution around the contaminant is similar to that without the crack (Figs. 6(b) and 6(d) ). The LIEF is 3.80 in these two cases. This is because the crack has little effect on the light intensity distribution of front surface (see in Fig. 6(c) ). For the LIEF in fused silica, it is 3.13 with only one radial crack. When the contaminant is on the crack wall, the LIEF is 3.82, while when the contaminant is on front surface, the LIEF is 4.26. The reason is that the light passing through the contaminant enters the fused silica, and interferes with the transmitted light from both crack wall and front surface. However, the difference of the relative position of contaminant and crack leads to different results of interference. For the radial crack on front surface under TM mode illumination, the light distribution is similar with that under TE mode illumination. But the LIEF is smaller than that under TE mode illumination. Particularly, due to the small LIEF in crack gap (Fig. 6(g) ), when the contaminant is on the crack wall ( Fig. 6(e) ), the LIEF is still small. In general, the light intensity distribution in fused silica is slightly affected due to the contaminant. It means that the aspect ratio of radial crack has little effect on the LIEF. When the contaminant is on the crack wall, the variation of the LIEF in the contaminant under TE mode illumination are wave-like up and down fluctuations, and the LIEFs in the contaminant are larger than that without the contaminant. This is because there are some discrete hot spots near the crack wall (Fig. 6(c) ). As the contaminant moves along the crack wall, the strong light intermittently enters the contaminant and is focused into stronger light. When the contaminant is near the intersecting line between the crack and front surface, the LIEF drops to about 3.8. As mentioned before, the crack has Distance(pm) Distance(µm) 10 12 little effect on the light intensity distribution of front surface. The LIEF keeps at 3.8 as the contaminant moves on front surface. The light focused by the contaminant enters the fused silica and interferes with light transmitted from the crack wall and front surface. The LIEF in fused silica fluctuates with the change of the position of contaminant. However, it does not increase with a large amplitude.
The variations of LIEFs under TM mode illumination are similar to those under TE mode illumination. Compared with that under TE mode, the LIEFs under TM mode are smaller. As the light intensity in the crack gap is weak, as shown in Fig. 6(g) , when the contaminant is assumedly put on the crack wall, the LIEF in the contaminant is small naturally. When the contaminant is near the intersecting line between the crack surface and front surface, the maximum LIEF in global domain happens in the air, which is marked by dashed line, as shown in right diagram of Fig. 7(a) . 
CONCLUSIONS
In this paper, the light intensity distribution resulting from the combined modulation between the radial crack and the contaminant has been simulated. The results show that the light intensity distribution is significantly affected by aspect ratio of radial crack and the relative position between radial crack and the contaminant. The simulations of the combined modulation on rear surface show that compared with the single modulation of radial crack or contaminant, much larger LIEFs are generated due to the combined modulation at certain relative positions. Meanwhile, as the contaminant on rear surface moves away from the crack, the LIEFs under TE mode or TM mode illumination are wave-like up and down fluctuations, and gradually tend to stable values. In addition, when there is no total internal reflection, the LIEF in contaminant on the crack wall rises significantly with increase of distance, and the maximum LIEF occurs when the contaminant is near the intersecting line between radial crack and rear surface. The simulations of the combined modulation on front surface show that the variation of LIEFs in global domain are not very prominent. This work is to provide a reference for analyzing the effect of subsurface defects on laser-induced damage of optical components.
